Introduction {#Sec1}
============

To form healthy mature tissues and organisms, cells must grow, differentiate and self-organise in both a spatial and temporal manner. These processes are regulated by signalling molecules and changes in cell adhesion, interfacial tension and the mechanical properties of the microenvironment^[@CR1],\ [@CR2]^. Failure to regulate these control mechanisms can result in the formation of tumours and other diseased states including Alzheimer's disease and kidney dysplasia^[@CR3],\ [@CR4]^. Furthermore, biomechanics strongly influence the processes involved in tissue degeneration and repair^[@CR5],\ [@CR6]^. Therefore, it is important to understand the physical factors involved in the development of healthy tissue since strategies to replace or regenerate injured or diseased tissue are limited by an incomplete understanding of the mechanical properties of normal tissues^[@CR7]^.

The mechanical properties of tissues, that is, the mechanical response of the tissue averaged over a large number of cells, emerge in a complex manner from the properties of individual components that make up the system and the interplay between these components, across multiple length scales^[@CR8]^. The biophysical properties of the cytoskeleton and cell membrane determine the mechanical properties of individual cells in isolation, while the material properties of multicellular aggregates and tissues arise through complex associations of cell adhesion molecules with each other, the cytoskeleton and the extracellular matrix^[@CR7],\ [@CR9]^. Kuo and co-workers recently conducted experiments on embryonic chick tendons and demonstrated that the elasticity of the tendons depended upon different tissue and cellular components at different developmental stages^[@CR9]^. Using atomic force microscopy, they demonstrated that crosslinking of collagen fibers in the extracellular matrix contributes significantly to the elastic modulus during late embryonic stages, however, this is not the case in the early embryonic stages where a well-organised actin cytoskeleton increases the elastic modulus^[@CR7],\ [@CR9]^.

Recent advances in embryogenesis suggest that the interfacial tension between cells provides a significant contribution to the overall mechanical properties of cellular materials^[@CR2],\ [@CR10]--[@CR12]^. Two theories regarding the origin of tissue surface tension have been proposed, the differential adhesion hypothesis (DAH)^[@CR10],\ [@CR13],\ [@CR14]^ and more recently, the differential interfacial tension hypothesis (DITH)^[@CR2],\ [@CR15],\ [@CR16]^. Whereas, DAH considers only the relationship between adhesive energy and surface tension, DITH also recognises a contribution from cortical tension (tension conferred by a layer of actin beneath the cell membrane) and that it is the ratio of adhesion tension to cortical tension that determines the overall surface tension. The cortical tensions of individual cells have been reported to range from 10^−3^--10^−5 ^mNm^−1 ^ ^[@CR17]--[@CR21]^, while tissue interfacial tensions have been reported from 1.6 to 20 mNm^−1 ^ ^[@CR2],\ [@CR22]--[@CR24]^. Measurements of the elastic modulus for a variety of cell types have also been determined, using methods such as such as Atomic Force Microscopy (AFM) and Micropipette Aspiration (Table [1](#Tab1){ref-type="table"} and references therein) and other more recent methods^[@CR25],\ [@CR26]^. For epithelial cells, elastic modulus values between 150 and 10,000 Pa have been measured, depending on the method used, the cell type and the region of the cell probed (whole cell, cytoplasm or nucleus) and the experimental conditions (see Table [1](#Tab1){ref-type="table"}).Table 1Elastic modulus measurements for different cell types.Cell typeMethodElastic Modulus (*Pa*)ReferenceHuman aortic endothelial cellAFM1,000--5,000[@CR27]Porcine/murine cerebral capillary endothelial cellsAFM5,000[@CR28]Human umbilical vein endothelial cellAFM5,000--10,000[@CR29]Human umbilical vein endothelial cellAFM1,400 (near edge)[@CR30]6,800 (nucleus)3,000 (in between)Schlemm's canal endothelial cellsAFM1,000--3000[@CR31]Breast epithelial cancer cellsAFM500--2,000[@CR32]Rat hippocampusAFM201[@CR33]Human umbilical vein endothelial cellMagnetic twisting cytometry400[@CR34]Bovine thoracic aortic endothelial cellMicropipette aspiration400 (nucleus)[@CR35]Oocyte --zona pelludicaMicropipette aspiration7470[@CR36]Human mesenchymal stem cellsMicropipette aspiration372[@CR37]ChondrocytesMicropipette aspiration500[@CR18]Murine sarcoma aggregateMicropipette aspiration700[@CR23]Colon cancer cell linesMicropipette aspiration56--81[@CR38]Bovine aortic endothelial cellCompression between microplates300--700 (cytoplasm)[@CR39]4,000--8,000 (nucleus)Chondrogenic progenitor cellsMicropipette aspiration180--350[@CR40]

Understanding the role of interfacial, cortical and adhesion tension during embryogenesis is the first step towards tuning these interactions and opens the door to the directed self-organisation of cells in artificial tissues^[@CR41],\ [@CR42]^. Changes in the expression of adhesion proteins and the resulting change in cortical and interfacial tension have been associated with the progression of cancer and metastasis^[@CR43]--[@CR46]^. Thus, the ability to measure cortical and interfacial tension and adhesive energy of cells within tissues could lead to advances in several different fields.

Cavitation rheology can be used to determine both the interfacial tension and the modulus of biological materials^[@CR47]--[@CR49]^. By varying the needle diameter, these mechanical properties may be measured at intracellular, cellular and intercellular length-scales. Cell spheroids are an ideal system in which to measure the mechanical properties of cellular materials across these length scales. Unlike whole tissues, when a single cell type is used to form the spheroid, compositionally identical replicates can easily be grown. Furthermore, unlike explants (excised tissue), other factors including age and the biochemical environment, which have been shown to alter the mechanical characteristics of cells and tissues, can be rigorously controlled^[@CR50]--[@CR52]^.

We have measured the deformation of cell spheroids using cavitation rheology at length scales ranging from 5 μm to 30 μm. In interpreting the data, we have accounted both for the size of the cell spheroid and any 1D confinement effects that may arise due to the sample environment in interpreting the critical pressure. By calculating the energy associated with the bubble formation and comparing this with the binding energies associated with cell surface proteins, we have estimated the cortical tension for HEK cells which to the best of our knowledge has not previously been reported. These data further our understanding of the fundamental biophysical phenomena associated with the formation of tissues and thus may contribute to the advancement of strategies to replace or regenerate injured or damaged tissues.

Results and Discussion {#Sec2}
======================

The growth of HEK cell spheroids was monitored by light microscopy over several days, Fig. [1](#Fig1){ref-type="fig"}. After 24 hours, the cells formed loose, asymmetric clusters. By day 2 more defined spheroids with an average diameter of 209 ± 10 μm (n = 60) were observed, Fig. [1](#Fig1){ref-type="fig"}.Figure 1HEK 293T/17 spheroids grown using the liquid overlay method (1% agarose). Growth was monitored over eight days. (**a**) overview of cells in a section of a 96 well plate, scale bar = 1 mm; (**b**--**h**) day 2--day 8, scale bar = 100 μm. A grid, of known dimensions, was used to convert length in pixels to length in mm (3,157 pixels = 1 mm using a 10x objective).

Due to the limited diffusion of oxygen, in most tissues cells are located no further than 100 to 200 μm from the nearest capillary^[@CR53]^, similarly, unless positioned within 100 to 200 μm from the nearest capillary, the cells of laboratory grown implants do not survive^[@CR54]^. In spheroids, a necrotic core develops, due to hypoxia^[@CR55]^, when the spheroid grows too large and the interior cells are located beyond the diffusion limit of approximately 200 μm from the rim of the spheroid^[@CR56],\ [@CR57]^. At day 8, 36% of the spheroids developed outgrowths (Fig. [1](#Fig1){ref-type="fig"}), consistent with a breach of the diffusion limit and possible ejection of the necrotic core^[@CR58]^. Therefore, the spheroids were harvested on day seven when the spheroids were sufficiently large for cavitation rheology measurements (Fig. [2](#Fig2){ref-type="fig"}), but before any evidence of outgrowths due to the presence of a neurotic core might be present^[@CR59]^.Figure 2Growth curve for HEK 293T/17 spheroids grown using a liquid overlay method (1% agarose) seeded at 1.5 × 10^3^ cells/ well; 60 replicates per point. Growth rate \~50 μm/day.

To a first approximation in cavitation rheology (CR)﻿, the pressure-growth relationship for a spherical void in a viscoelastic material is;$$\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{c}=\frac{5}{6}E+\frac{2\gamma }{r}$$\end{document}$$where *P* ~*c*~ is the critical pressure, the maximum inflation pressure^[@CR47],\ [@CR60]^, *E* is the modulus, *γ* is the surface tension and *r* is the needle radius (inner part). Equation [1](#Equ1){ref-type=""} is valid for the "thickshell" case, where the sample volume is large relative to the size of the expanding cavity, i.e. when the outer boundary of the material is sufficiently far from the cavity origin to remain unperturbed by the cavity formation^[@CR61]^. When the sample volume decreases the radius of the deformation (which scales with the needle radius) may begin to approach the "thickshell" limit. Spheroids are small (\<1 mm) and the bubble growth may begin to approach the outer boundary of the spheroid and exceed the "thickshell" limit required for CR. A modified relationship between the critical pressure and the elastic modulus to account for this situation was reported by Solomon and co-workers^[@CR62]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{c}=\frac{5}{6}E[\begin{array}{c}\frac{6a}{5}{(\begin{array}{c}\frac{{R}_{i}+H}{{R}_{i}}\end{array})}^{b}+1\end{array}]+\frac{2\gamma }{r}$$\end{document}$$where *a* and *b* are fitting parameters, equal to −0.86 and −0.65, respectively﻿﻿, *﻿﻿R* ~i~ is the needle diameter and *H* is the thickness of the elastic shell^[@CR63]^. The mechanical properties of the spheroids need to be measured while the cells are bathed in cell culture medium. This adds an extra level of complexity, since these small objects can float away from the needle during insertion. It is therefore necessary to gently "trap" the spheroid against the side of the container to prevent this movement. If the growth of the bubble within a trapped spheroid is beyond the "thickshell" limit, then a 1-D confinement effect may also contribute to the measurement of a critical pressure in the spheroid. However, this 1D confinement will not materialise without a breach of the "thickshell" limit.

Three needle diameters were selected for cavitation rheology measurements; 5 μm, 10 μm and 30 μm. At 37 °C, the critical pressure required to form a bubble (air into liquid) at the tip of needles with these internal diameters ranges from 4.6 to 28 kPa. Given that the elastic moduli of some cell types have been measured at \~100 Pa (Table [1](#Tab1){ref-type="table"}), water was selected as the cavitation medium to reduce the air/water interfacial tension contribution to the critical pressure. The liquid used as the cavitation medium has minimal contact with the material (the only contact is at the interface between the liquid in the needle and the part of the cell in contact with the needle tip--and the contact only last for minutes, while the measurement is made). Cell culture medium is not used as the cavitation medium so as not to foul the pressure sensor (which is in direct contact with the liquid). The spheroids were however bathed in cell culture medium during the measurements to ensure that they remain alive. There is a minimal surface tension difference between water and the medium in which the cells are bathed. The values obtained from the cavitation rheology measurements are summarised in Table [2](#Tab2){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}.Table 2Cavitation rheology of HEK 293 T/17 spheroids on day 7.Needle diameter5 μm10 μm30 μmNumber of replicates252823Minimum P~c~ (kPa)0.0470.0140.013Maximum P~c~ (kPa)0.7420.4170.259Relative frequency (0--0.15 kPa)0.280.890.95Relative frequency (0.15--0.25 kPa)0.320.040.0Relative frequency (0.25--0.50 kPa)0.280.070.05Relative frequency (0.5--0.80 kPa)0.120.00.0 Figure 3**(a)** Range of critical pressure values for HEK 293 T/17 spheroids on day 7 and the relative frequency of critical pressures. **(b)** The elastic modulus and interfacial tension (γ) of HEK/17 spheroids on day 7. E ≈ 20 Pa, γ = 2.95 × 10^−4^ mNm^−1^.

Before analysing the data, it is important to consider the dimensions of the needles relative to the components of the cell spheroid when considering what structures are being probed during cavitation measurements (Fig. [4](#Fig4){ref-type="fig"}). HEK293 cells have an average diameter of \~15 μm^[@CR63]^. The 30 μm needle is much larger (2x) than the cell diameter, thus the needle is too large to probe the mechanics of a single cell and it is likely that any deformation that occurs upon bubble formation will be due to disruption of cell-cell contacts (rather than by deformation of individual cell structures). Hence, the material properties of cells around the local area of the needle tip and any associated adhesion molecules within the cell membranes should be reflected in the critical pressure measured at this needle diameter, Fig. [3a](#Fig3){ref-type="fig"}.Figure 4Schematic (to scale) of needles inserted into cell spheroids to illustrate the relative proportions of the needle diameters compared with the cell spheroid structures; diameter of needle a = 30 μm; b = 10 μm and c = 5 μm.

The 10 μm needle is comparable to the cell diameter, however, when the outside needle diameter is considered (exterior/interior diameter ratio = 1.33:1) this needle is also too large to penetrate a single cell (and keep it intact), Fig. [4b1](#Fig4){ref-type="fig"}. Again, for this needle size, it is the local extracellular environment and any cell-cell contacts that are the structures most likely to be probed by CR measurements at this length-scale, Fig. [4b2](#Fig4){ref-type="fig"}.

In principle, the 5 μm needle is sufficiently small to penetrate a single cell within the spheroid and enter the cytoplasm, even when the exterior diameter of the needle is accounted for. Therefore, for a 5μm needle, the material properties of the extracellular space and local cell-cell contacts, in addition to measurements inside a cell (albeit with lower frequency) are possible, Fig. [4c1--3](#Fig4){ref-type="fig"}.

For all three needle diameters the values determined for the critical pressure (Fig. [3](#Fig3){ref-type="fig"}) indicate that the deformation that does occur upon bubble formation is due to the disruption of the contacts between cells (rather than the individual structures within a single cell). The critical pressures observed in the vast majority of measurements, lie between 13 Pa and 500 Pa. Assuming that the deformation is elastic, averaging over all measurements a Young's modulus of ≈20 Pa is estimated (from eq. [1](#Equ1){ref-type=""}). This is consistent with Young's moduli measured using indentation and tensile deformations for soft biological tissues e.g. murine sarcoma at 700 Pa^[@CR23]^, rat hippocampus, 201 Pa^[@CR33]^ and colon cancer cells, 56--81 Pa^[@CR38]^. Critical pressures exceeding 0.5 kPa (0.61, 0.66 and 0.74 kPa) occur infrequently and only for measurements made with a 5 μm needle (Fig. [3a](#Fig3){ref-type="fig"}). The elasticity of the cell cytoplasm ranges from 0.5 and 2.4 kPa^[@CR39],\ [@CR64]^ strongly suggesting that some of the measurements made with a 5 μm needle are indeed measuring elasticities for structures within a single cell.

Interpretation of the data {#Sec3}
--------------------------

The pressure required to form a cavity in a viscoelastic network is the sum of both the interfacial energy and the elastic restoring energy of the network. If we assume that the deformation in the cell bundle is elastic, i.e, that the critical pressure is proportional to 1/r, we can use eq. [1](#Equ1){ref-type=""} to determine the interfacial tension, which is 2.95 × 10^--4 ^mNm^−1^ and the elastic modulus of the spheroid bundle is, ≈20 Pa, Fig. [3b](#Fig3){ref-type="fig"}.

Interfacial tension provides cells and tissues with apparent mechanical stiffness with which they resist mechanical stress. Interfacial tension values for individual cells (cortical tension) have been reported to range between 10^−3^ and 10^−5 ^mNm^−1 ^ ^[@CR17]--[@CR21]^ while tissue interfacial tensions have been measured at \~1.6 to 20 mNm^−1 ^ ^[@CR2],\ [@CR22]--[@CR24]^. The interfacial tension that we have determined by CR, 2.95 × 10^−4 ^mNm^−1^, is within the range reported in the existing literature for cortical tension rather than tissue interfacial tension. The interfacial energy contributes minimally to the critical pressure at the length-scales probed (30 μm = 3.95 × 10^−5^ Pa, 10 μm = 1.18 × 10^−4^ Pa and 5 μm = 2.37 × 10^−4^ Pa). Therefore, at these length-scales the elastic modulus is the major contributor to the critical pressure.

Since the diameter of the needles, and hence the size of the bubble formed in the material at P~c~ is large relative to the size of the spheroid, it is prudent to consider if the "thickshell" limit is breached during the experiments. Using eq. [2](#Equ2){ref-type=""}, Solomon and co-workers showed that for large volumes \[(R~i~ + H)/R~i~ \~ 20\], the critical pressure reaches an asymptotic limit of \~5E/6 consistent with eq. [1](#Equ1){ref-type=""}. Whereas for finite volumes \[(R~i~ + H)/R~i~ \~ 5\] and \[(R~i~ + H)/R~i~ \~ 1.5\] the critical pressure was significantly lower, indicating that in this regime eq. [1](#Equ1){ref-type=""} may not be valid. For the experiments described here, 15 \< (R~i~ + H)/R~i~ \< 91, suggesting that eq. [2](#Equ2){ref-type=""} may better describe the relationship between *P* ~*c*~ and *E*. Therefore we compared the values obtained using both eq. [1](#Equ1){ref-type=""} and eq. [2](#Equ2){ref-type=""} to determine if exceeding the "thickshell" limit had a significant impact on the values of *E* determined from the critical pressure. Since the interfacial tension contribution is small, i.e. 2γ/r ≈ 0 then eq. [1](#Equ1){ref-type=""} becomes:$$\documentclass[12pt]{minimal}
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For eq. [4](#Equ4){ref-type=""}, the parenthetical contribution was calculated for each needle size and the local elastic moduli for each needle diameter was determined using both eqs [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""} (Table [3](#Tab3){ref-type="table"}) from the experimental data. There was almost no difference between the values for P~c~ determined from the experimental data using either eqs [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""} (Table [3](#Tab3){ref-type="table"}). Therefore, exceeding the "thickshell" limit in the experiments does not contribute strongly to the estimation of the elastic modulus.Table 3Calculations of local elastic moduli using eqs [3](#Equ3){ref-type=""} and [4](#Equ4){ref-type=""} where H = 200 μm (half the minimum spheroid diameter), *a* = −0.86 and *b* = −0.65^[@CR62]^.Needle diameterCritical Pressure (kPa)Equation 3Equation 430 μm393210 μm73675 μm227220

Thus far, we have determined the critical pressure for the deformation of cell spheroids at 30 μm, 10 μm and 5 μm. If we assume that over this range of length-scales that the deformation is elastic, then the interfacial tension that we measure is consistent with the cortical tension for HEK cells. We have established that while the "thickshell" limit of CR is approached, that this does not significantly change the values for *E* or *γ* measured in the experiments. Therefore, we should be able to use this data to determine the contribution of cell-cell adhesion molecules on the surface of the cells within the spheroid to the elastic restoring energy.

Measuring the elastic modulus (for each needle radius) provides a means of determining the energy associated with the formation of the cavity at each needle diameter (length scale). These values may then be compared to the known adhesion properties of cell-cell contact molecules (mostly cadherins), that form attachments between the cells of the spheroid, predominantly via the hydrophobic effect^[@CR65]^.

To determine the energy associated with the formation of a cavity at each needle radius, we consider the following: At the onset of cavity formation, the volume at the tip of the needle is that of a hemisphere with the same diameter as the internal diameter of the needle. The work of forming a bubble (*W* ~*c*~) is related to the pressure of the medium (*P* ~*m*~) and the volume of the bubble (*V* ~*c*~) by;$$\documentclass[12pt]{minimal}
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For each needle diameter, the energy associated with the formation of a cavity was determined. The cavity volumes were calculated to be 3.9 × 10^−17 ^m^3^, 2.6 × 10^−16 ^m^3^ and 7.1 × 10^−15 ^m^3^ for the needle diameters 5 μm, 10 μm and 30 μm, respectively. The corresponding work of cavity formation is therefore 7.4 × 10^−15 ^J, 1.9 × 10^−14 ^J and 2.8 × 10^−13 ^J, respectively (from eq. [5](#Equ5){ref-type=""}).

The contribution of cell-cell adhesion molecules to the elastic restoring energy must now be considered. Cadherins are an important family of proteins that mediate cell-cell adhesion. The adhesion process operates mainly via the hydrophobic effect and involves the insertion of an amino-terminal tryptophan residue from one strand into a hydrophobic pocket on the neighbouring strand^[@CR65]^. To estimate the energy associated with cell-cell adhesion molecules, we make some assumptions. The energy associated with the formation of a cadherin-cadherin bond has been reported as 6.5 kcal mol^−1^ or 4.52 × 10^−20^ joules/bond (for N-cadherins)^[@CR66]^. Both N- and E-cadherins are present on the cell surface, and E-cadherins associate with slightly lower energies (in the region of 5 kcal mol^−1^). However, HEK 293 cells have low levels of endogenous E-cadherin^[@CR67]^, so for simplicity, we assume that the majority of the cadherins on the cell surface are N-cadherins (even if there is a 1:1 ratio of N- to E-cadherin, this would lead to an error in the region of 10% in our calculations). Total cadherin expression levels of have been reported to vary between 2.4 × 10^4^ and 15.8 × 10^4^ cadherins per cell for L929 cells^[@CR68]^. Cadherin expression was determined from trypsinised, dissociated cells which have roughly spherical cell morphology with a diameter of 10 μm and therefore a cell surface area of 314 μm^2^. Again, here we are assuming the level of cadherin expression on the surface from a different cell line (since this data is not available for HEK 293). From the data for L929, we can estimate that there are between 7.6 × 10^1^ and 5.0 × 10^2^ cadherins per μm^2^. To relate this to HEK, we consider that dissociated HEK cells have a diameter of \~15 μm and a roughly spherical morphology with an estimated surface area of 706.5 μm^2^. Based on these two assumptions, we estimate that there are approximately 5.4 × 10^4^ cadherins/cell for HEK. Assuming an average bond energy of 6.5 kcal mol^−1^, this gives a total cadherin bond energy of 2.44 × 10^−15^ joules/cell (5.4 × 10^4^ cadherins/cell × 4.52 × 10^−20^ joules/cadherin).

The work of cavity formation (7.4 × 10^−15 ^J, 1.9 × 10^−14 ^J and 2.8 × 10^−13 ^J for needle diameters 5 μm, 10 μm and 30 μm, respectively), determined from our experimental data was divided by the cadherin bond energy that we calculate based on our assumptions of the cadherin bond energy and number of cadherins per cell (equal to 2.44 × 10^−15^ joules/cell). Therefore, the energy associated with the formation of the cavity (from experiments) was estimated to be equivalent to the disruption cadherin bonds on a surface area equivalent to \~3 cells for a 5 μm needle, \~8 cells for a 10 μm needle and \~115 cells for a 30 μm needle.

A cascade of cell-cell dissociation events between the cells within the vicinity of the cavity must occur to facilitate the formation of a cavity. The area affected by such dissociations should increase with the volume of the cavity, which is scaled to the radius of the needle. The cavities formed by the 5 μm and the 10 μm needles occupy a small fraction of the volume of a HEK cell (x0.02 and x0.15, respectively). Although the cavity volume is smaller than a cell, the cell adhesion molecules on many cells around the cavitation zone are undoubtedly forced to disassociate to accommodate the formation of a bubble (Fig. [5](#Fig5){ref-type="fig"}). The cavity formed by a 30 μm needle has a volume four times that of a HEK cell. Therefore, we expect that cell adhesion molecules equivalent to those on many more cells must disassociate to accommodate such a relatively large bubble. Therefore, the total disrupted cell surface areas calculated, equivalent to 3 cells, 8 cells and 115 cells for 5, 10 and 30 μm needles, respectively, appear to be physically reasonable.Figure 5The cycling of pressure during a CR experiment; (**a**) using air as the cavitating medium into water, needle diameter = 30 μm, (**b**) using water as the cavitating medium into HEK.

Given the very small volume change that occurs in the system upon cavitation using the needles sizes selected, as the needle radius decreases, the change in pressure associated with the formation of the bubble also decreases. This is shown for cavitation of an air bubble into water using a 30 µm needle (Fig. [5a](#Fig5){ref-type="fig"}). Indeed, when air was used to form a cavity in water, the bubble did not remain at the tip of the needle and continue to grow - rather the bubble detached from the needle tip and floated upwards. Thus, as the needle diameter decreases, the volume of the bubble prior to detaching, becomes increasingly small, minute compared to the total volume of the system (observed as small changes in pressure during a measurement). When the bubble detaches after cavitation, the pressure of the system is less than the critical pressure and surface tension restores the water surface at the needle tip. If the syringe pump was run continuously this results in a cycling of the system pressure over a narrow range of pressures. A similar effect was observed during the cavitation of the spheroids (Fig. [5b](#Fig5){ref-type="fig"}). If the syringe pump runs continuously, a cycling of the system pressure was also observed.

The surface tension contribution to the critical pressures (calculated from the bulk surface tension \[for a 30 μm needle = 3.95 × 10^−5^ Pa; 10 μm = 1.18 × 10^−4^ Pa and 5 μm = 2.37 × 10^−4^ Pa\]) are not sufficient to account for this effect, which must therefore originate in the elastic contribution to the critical pressure. If a deformation event resulting from fracture occurred, we would observe a decrease in the system pressure which would not recover. We do not observe this. A mechanism involving a rapid cycle of "unzipping" and "re-zipping" of the cadherin-cadherin contacts may explain this CR response. Upon the formation of the cavity the cadherin bonds dissociate. There is minimal surface tension between the water in the cavity and the culture medium in which the cells are bathed. The water can freely diffuse and the cadherin bonds are free to reform which restores the surface at the tip of the needle. Since bubble formation is rapid, less than 1 second, an elastic response is consistent with previous studies using fibroblasts^[@CR69]^.

Materials and Methods {#Sec4}
=====================

Cell culture {#Sec5}
------------

HEK293 cells were grown in a Memmert INCO 153 (Schwabach, Germany) CO~2~ incubator operated with 5% CO~2~, 90% relative humidity at 37 °C. Complete growth medium (CGM) was prepared from Hyclone® medium \[Dulbecco's Modified Eagles Medium/HIGH GLUCOSE, +4.00 mM L-Glutamine, +4,500 mg/l L-Glucose, -Sodium Pyruvate\] (Thermo Scientific) which was supplemented with 10% heat inactivated bovine calf serum (Sigma-Aldrich) and 0.5% Penicillin (10,000 units) and streptomycin (10 mg/ml)(Sigma-Aldrich). Cell cultures were maintained by refreshing the CGM every 2--3 days as necessary. When the cultures reached 90% confluence, the cells were passaged.

The liquid overlay method was used to generate cell spheroids^[@CR70],\ [@CR71]^. A thin film of autoclaved 1% agarose was used to coat the bottom of a 96 well plate. 75 μl of a warm, sterile, agarose solution was dispensed into the interior wells of a 96-well plate to form a concave surface. The outermost wells were filled with 200 μl of sterile water. The plate was allowed to cool for one hour before use.

To prepare cells for transfer to the pre-prepared agarose plates, HEK293 cells at 90% confluence were rinsed with 1 × PBS after removal of CGM. The PBS was then replaced with 3 ml of trypsin-EDTA solution (Sigma-Aldrich). The flask was returned to the incubator for 10 minutes after which 10 ml of CGM was added and the cells were harvested by gently aspirating the medium to dislodge the cells from the wall of the flask. The cells were transferred to a centrifuge tube and spun at 125 × g for 10 minutes. The supernatant was discarded and the cells were re-suspended at a final concentration of 7.5 × 10^3 ^cells/ml. 200 μl of cell suspension was added to each agarose containing well, thus each well contained 1.5 × 10^3^ cells. The plates were placed in the incubator and the spheroid cultures were maintained by refreshing the CGM after 4 days. To avoid disruption to the spheroid, 150 μl of medium was gently aspirated from the wells and replaced with an equal volume of fresh medium which was gently pipetted along sidewall of the well. The spheroids were harvested on day 7.

Light microscopy {#Sec6}
----------------

Light microscopy was performed to monitor the growth of the spheroids. An Olympus CRX31 inverted microscope, equipped with a digital imaging system was used to view and record the images and all image analysis was done using ImageJ software^[@CR72]^. A grid with known dimensions was used to measure spheroid sizes.

Cavitation rheology (CR) {#Sec7}
------------------------

The cavitation rheology apparatus, built in-house has been previously described^[@CR73]^. For the experiments performed in this paper the original PX26 series pressure sensor (Omega Engineering) was replaced by a High Accuracy Silicon Ceramic pressure sensor HSCDANT001PG3A3 (Honeywell). The needles used were µtip pre-pulled glass capillaries (World Precision Instruments; TIP05TW1F, TIP10TW1F and TIP30TW1F). A custom written programme recorded pressure at the needle tip during the experiments.

For spheroid measurements, the spheroid was removed from the well of the 96 well plate by aspiration of the spheroid and surrounding medium using a P1000 Gilson pipette (Middleton, WI, USA), the tip being sufficiently large to allow the free passage of the spheroid. The spheroid was then transferred into a glass capillary (\~1 mm diameter, closed at one end) along with a sufficient medium to bathe the spheroid. The needle in the CR instrument was attached to a custom made micro-manipulator. The needle was adjusted until the tip of the needle was inserted into the spheroid, at which time the cavitation rheology experiment began. The insertion process was monitored using cameras (with magnification) to ensure the correct placement of the needle tip (and to prevent penetration through the spheroid). Front and side views of the needle were monitored to ensure consistent and correct placement of the needle tip, Fig. [6](#Fig6){ref-type="fig"}. Cavitation rheology experiments were performed at a rate of 10 µl/min.Figure 6Insertion of a 30 μm needle into a spheroid--view from horizontal axes at two positions at a 90-degree separation.

Conclusions {#Sec8}
===========

Tissue and cell mechanics play an important role in the development of healthy organisms. Therefore, it is imperative to quantify the mechanical properties of biological material at this length scale. Here, the cavitation rheology technique has been extended to determine the elastic modulus and interfacial tensions in small volumes of biological soft matter. Using this novel approach, the interfacial tension at length-scales less than 30 μm is dominated by the cortical tension of the cells local to the needle point, for spheroids formed from HEK293 cells. Using the elastic modulus measured using cavitation rheology and previously reported values for the energy associated the formation of membrane bound adhesion molecules, the contribution of cell-cell adhesion to the elastic restoring energy was calculated. The mechanical response was related quantitatively to the disruption of cell-cell adhesion molecules during the formation of the cavity. A cascade of cadherin-cadherin dissociation events occurs to facilitate the formation of the cavity with a total disrupted cell surface areas equivalent to 3 cells, 8 cells and 115 cells for 5, 10 and 30 μm needles, respectively. While the extracellular matrix contributes to cell-cell interactions, we have not examined this in this study.

The deformation process involved appears to be predominantly elastic. When the syringe pump was run continuously a cycling of the system pressure over a narrow range of pressures was observed. The surface tension contribution to the critical pressures were not sufficient to account for this effect which must therefore originate in the reversible association of the cell-cell contacts. It is envisaged that the cadherin bonds undergo a rapid cycle of "unzipping" to accommodate the cavity and "re-zipping" to restore the surface at the needle tip.

The advancement of therapies to replace or regenerate damaged or injured tissues is crucial. Fundamental understanding of the physical characteristics of these tissues is paramount to the development of successful biomimetics with the desired functionality. The methodology and data presented herein provide a novel route to determine these properties and contributes towards a greater knowledge of physical principals involved in tissue mechanics.
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